The geometry of cationic silicon clusters doped with vanadium, Si n V þ (n ¼ 12-16), is investigated by using infrared multiple photon dissociation of the corresponding rare gas complexes in combination with ab initio calculations. It is shown that the clusters are endohedral cages, and evidence is provided that Si 16 V þ is a fluxional system with a symmetric Frank-Kasper geometry. DOI: 10.1103/PhysRevLett.107.173401 PACS numbers: 36.40.Mr, 33.20.Ea, 61.46.Bc The ongoing trend towards further miniaturization in microelectronics triggers a quest for nanostructured building blocks. Given the importance of silicon in the semiconductor industry, it is straightforward to consider small silicon particles for nanostructuring. The search for silicon building blocks was initiated in the 1990s and revealed strong size dependencies and cluster geometries that do not correspond to bulk fragments [1] . Unfortunately, elemental silicon clusters have dangling bonds, which renders them chemically reactive and therefore not suitable as nanoscale building blocks [2] . In contrast to carbon, silicon prefers the formation of bonds through sp 3 hybridization, resulting in three-dimensional structures [3] . Ion mobility studies demonstrated that silicon structures follow a prolate growth sequence and no fullerenelike caged particles are formed [4, 5] . However, incorporating a metal atom or hydrogenation can saturate the dangling bonds and induce the formation of caged silicon clusters [3, 6, 7] .
The ongoing trend towards further miniaturization in microelectronics triggers a quest for nanostructured building blocks. Given the importance of silicon in the semiconductor industry, it is straightforward to consider small silicon particles for nanostructuring. The search for silicon building blocks was initiated in the 1990s and revealed strong size dependencies and cluster geometries that do not correspond to bulk fragments [1] . Unfortunately, elemental silicon clusters have dangling bonds, which renders them chemically reactive and therefore not suitable as nanoscale building blocks [2] . In contrast to carbon, silicon prefers the formation of bonds through sp 3 hybridization, resulting in three-dimensional structures [3] . Ion mobility studies demonstrated that silicon structures follow a prolate growth sequence and no fullerenelike caged particles are formed [4, 5] . However, incorporating a metal atom or hydrogenation can saturate the dangling bonds and induce the formation of caged silicon clusters [3, 6, 7] .
Theoretical investigations of doped silicon clusters have considered dopants from almost every group of the periodic table [6] . Most interestingly, it is predicted that transition-metal atoms possibly stabilize the clusters and induce the formation of symmetric endohedral cages with the dopant atom at the center of the cage, which is of relevance for novel silicon based nanostructured devices [8] [9] [10] [11] [12] . For example, fullerenelike cages and Frank-Kasper (FK) polyhedrons, which are tetrahedrally close-packed structures containing interpenetrating polyhedra with coordination numbers 12, 14, 15, or 16 [13] , are predicted for Ti and V doped silicon clusters with at least 12 Si atoms [10, 14, 15] . However, if there are insufficient Si atoms to fully enclose the dopant atom, basketlike structures are formed [11] . Although mass spectrometry and photodissociation experiments [8, [16] [17] [18] [19] show an enhanced stability of specific transition-metal doped silicon clusters, no single experiment has yet provided detailed information on their structure. Up to now, mainly indirect evidence is found for the formation of symmetric species by photoelectron and x-ray spectroscopy studies [20] [21] [22] and chemical probe methods [20, 23] .
In this Letter, the structure of size selected endohedrally doped silicon clusters is obtained by combining experimental infrared multiple photon dissociation (IR-MPD) spectroscopy with quantum chemical calculations. It will be shown that the V dopant atom in the cationic Si n V þ (n ¼ 12-16) clusters locates at the center of a cage. Moreover, it is demonstrated that Si 16 V þ is a fluxional cluster, oscillating around a symmetric FK polyhedral transition state.
The experiments are performed in a molecular beam setup, which contains a dual laser vaporization source [24] and a time-of-flight mass spectrometer [25] . The setup is connected to a beam line of the Free Electron Laser for Infrared eXperiments (FELIX) [26] . Source parameters are optimized for the formation of cold (100 K) singly vanadium doped silicon clusters. The formation of clusterxenon complexes is induced by addition of a fraction (0.5%) of isotopically enriched 129 Xe to the He carrier gas. Resonant absorption of IR photons and subsequent vibrational energy redistribution heat the clusters and may result in evaporation of the weakly bound Xe atom. The IR-MPD depletion spectra are constructed by recording the ion intensities of the cluster-xenon complexes as a function of the FELIX energy (160-550 cm À1 range, linewidth of 3-4 cm À1 ). From the depletion spectra, IR absorption spectra are calculated as described previously [25] .
Quantum chemical computations are carried out with GAUSSIAN 03 [27] . Geometry optimizations are performed by using the pure BP86 functional [28, 29] , in conjunction with the 6-311þGðdÞ basis set. This methodology was successful in evaluating IR spectra of bare Si
n (n ¼ 6; 7; 10) [31] , and exohedrally doped Si n X þ (X ¼ V; Cu; n ¼ 4-11) clusters [32, 33] . Initial atomic configurations are selected on the basis of structures reported in literature and by substitution or addition of a V atom to bare silicon clusters [30] . The plotted IR spectra are based on calculated harmonic vibrational frequencies using Gaussian line width broadening (5 cm À1 FWHM) and by scaling the frequencies with a constant multiplication factor of 1.03, consistent with our earlier work [30] [31] [32] [33] . Structural assignment is done by comparing the IR-MPD spectra with calculated vibrational spectra of the lowest lying isomers.
The experimental IR-MPD spectra of Si n V þ (n ¼ 12-15) are presented in Fig. 1 together with the computed harmonic vibrational spectra of the lowest energy isomers found in the calculations. An earlier experiment demonstrated that Ar physisorption provides structural information because Ar attaches only to surface-located transition-metal atoms and not to elemental silicon clusters. Si 11 V þ was shown to be the critical size for Ar physisorption and endohedral structures are expected from Si 12 V þ onwards [23] . A detailed comparison of the IR-MPD spectra with computed spectra for different Si n V þ (n ¼ 12-16) isomers can be found in the Supplemental Materials [34] . For all investigated sizes the experimental IR-MPD spectra agree best with the harmonic vibrational spectra of the lowest energy isomer found at the BP86/6-311þGðdÞ level.
For Si 12 V þ , both bands at the low frequency end of the spectrum (200 and 225 cm À1 ) and the two groups of absorption bands around 310 and 390 cm À1 are reproduced in the calculated vibrational spectrum of a distorted hexagonal prism (DHP) in a singlet electronic state. However, the calculated intensity of the band at 475 cm À1 is less intense than the IR-MPD band at 490 cm À1 . The singlet DHP, which also is the putative ground state of the isoelectronic Si 12 Ti [11, 35, 36] , is the lowest energy isomer found at the BP86/6-311þGðdÞ level. Other isomers, such as a triplet DHP and basket-shaped structures, are at least 0.26 eV less stable [34] . For the intense absorption bands at 360-380 cm À1 , 75% of the complex intensity is depleted by FELIX. This sets the upper limit for the relative abundance of other isomers. Therefore, the singlet DHP is assigned as the most abundant Si 12 V þ isomer in the cluster beam.
For Si 13 V þ , also a spin singlet was located as the ground state. The cluster has C 6v symmetry, consisting of a hexagonal prism whose hexagonal face is capped by a Si atom. The same structure was predicted for the isovalent Si 13 Ti [11, 37] . The calculated vibrational spectrum of the lowest energy isomer of Si 13 V þ matches the IR-MPD spectrum of the corresponding Xe complex well. Calculated doubly degenerate modes at 216, 276, and 389 cm À1 seem to be split in the experiment. This splitting is likely caused by the Xe adsorption, which distorts the C 6v symmetry. However, the experimentally observed splitting (5-8 cm À1 ) is larger than the calculated one (1-2 cm À1 ). High energy modes at 434, 438, and 461 cm À1 are IR inactive when neglecting the messenger atom but become active when a Xe ligand is attached.
The IR-MPD spectrum of Si 14 V þ Á Xe shows characteristic absorptions at 224 and 270 cm À1 and groups of bands in the 295-335 and 350-410 cm À1 ranges. Computationally, several isomers of Si 14 V þ were located close in energy (five isomers within 0.1 eV) [34] . In line with an earlier study [15] , most low energy isomers have singlet electronic states and are constructed by addition of two Si atoms to various sites of a DHP and subsequent structural relaxation. Although the lowest energy isomer (shown in Fig. 1 ) explains certain features of the IR-MPD spectra and none of the other isomers found matches the experiment better [34] , the agreement is not conclusive. It is not certain that the currently found DHP based ground state is the main Si 14 V þ isomer produced in the experiment. The absorption bands in the IR-MPD spectrum of Si 15 V þ Á Xe match the vibrational modes of a structure based on a combination of 2 pentagons and 10 rhombuses, which was located as the ground state in agreement with earlier predictions for Si 15 V þ [10, 15] and the isoelectronic Si 15 Ti [15, 37] . Vibrational spectra of hexagonal prism based structures, such as found in some studies [38] , do not match the IR-MPD spectrum [34] .
The IR-MPD spectrum of Si 16 V þ Á Xe is very different from those of Si n V þ Á Xe (n ¼ 12-15). It shows no distinct, narrow absorption peaks but has a couple of broad
FIG. 1 (color online). IR-MPD spectra (upper traces) of
Si n V þ Á Xe complexes (n ¼ 12-15) and the corresponding computed harmonic vibrational spectra and geometries of the obtained lowest energy isomers of Si n V þ (lower traces). The experimental data points (red crosses) are overlaid with a three-point running average.
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173401-2 features around 360 cm À1 and below 300 cm À1 (see Fig. 2 ). The lower signal-to-noise ratio of this spectrum is caused by a small Si 16 V þ Á Xe mass spectrometric signal, indicating a low Xe absorption probability.
Si 16 V þ is one of the best studied endohedrally doped silicon clusters in the literature, mainly because of its enhanced stability indicated by its large abundance in the Si n V þ mass spectrum [17] . Si 16 V þ is predicted to have a symmetric FK polyhedral structure [10, 15, 39] . Its stability was rationalized by means of an electron counting rule. Each Si atom is bonded with the V dopant and donates one electron to the valence manifold. With the five valence electrons of V and the cationic state of the cluster, this results in a 20 electron closed shell system [10] .
Our calculations find the highly symmetric FK polyhedron to be a transition state (TS-T d ). Following the displacement vectors of the imaginary frequencies in either direction leads to a slightly distorted caged structure iso1-T, lying 0.05 eV lower in energy. The calculated spectrum of iso1-T has one intense mode at 370 cm À1 , which agrees well with the position of the experimental band center but does not explain the width of the band. The geometries of both TS-T d and iso1-T consist of an inner tetrahedral shell with four Si atoms (Si-V distances of 2.541 and 2.545 Å for T d and T, respectively) and an outer shell with 12 Si atoms (Si-V distances of 2.829 and 2.836 Å for T d and T, respectively). Relaxing from T d to T symmetry, the inner shell remains essentially unchanged while the outer shell is distorted at the symmetrical planes (see structures in the lower trace of Fig. 2 ).
The small barrier over TS-T d between degenerate iso1-T states suggests that fluxional rearrangements, i.e., rapid transitions between chemically equivalent structures [3] , may be possible. A similar fluxional behavior for Si 6 [31, 40] lead to a broadening of the IR absorption bands. We have investigated the possibility that dynamic and anharmonic effects are responsible for the band broadening in the IR-MPD spectrum of Si 16 V þ using a molecular dynamics (MD) simulation performed with the FHI-AIMS program [41, 42] . An IR spectrum is obtained from the MD trajectory as the Fourier transform of the autocorrelation function of the time-dependent dipole moment [43] . Details of the calculations are given in the Supplemental Materials [34] . The spectrum of Si 16 V þ calculated this way (see 2nd trance of Fig. 2) shows a significant degree of broadening. For comparison, we have calculated a spectrum for Si 8 V þ using the same method, which did not show such broadening. Analysis of the MD trajectory supports the interpretation of Si 16 V þ being dynamic, undergoing rapid transitions between nearly degenerate local minima. A more detailed analysis of its dynamics will be presented elsewhere.
We conclude that, using the IR-MPD technique on cluster-xenon complexes in combination with ab initio calculations, the geometry of Si n V þ (n ¼ 12-16) in the gas phase could be identified. The clusters have endohedral caged structures, stabilized by the V dopant atom. For all sizes the experimental IR-MPD spectra agree best with the lowest energy isomer found at the BP86/6-311þGðdÞ level. However, higher energy isomers may, to some extent, be present in the molecular beam and therefore contribute to the experimental IR spectra. Si 12 V þ , Si 13 V þ , and presumably Si 14 V þ have hexagonal prism based structures. For the latter, however, the assignment is not conclusive. þ Á Xe (upper trace). The 2nd trace shows the IR spectrum obtained from the MD simulation starting from iso1-T (red crosses) and a spectrum that is obtained by overlaying the discrete points with a Gaussian profile (5 cm À1 FWHM) to account for the FELIX linewidth (black line). Computed harmonic vibrational spectra of iso1-T and TS-T d are given in the 3rd and 4th traces. Relative energies in eV at the BP86/6-311þGðdÞ level are given in brackets. The structures shown in the lower trace represent the inner tetrahedral and outer shells of TS-T d and iso1-T.
